A role for podocytes to counteract capillary wall distension  by Kriz, Wilhelm et al.
Kidney International, Vol. 45 (1994), PP. 369—3 76
CLINICAL DISEASE AND THE GLOMERULUS
A role for podocytes to counteract capillary wall distension
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A role for podocytes to counteract capillary wall tension. In a previous
study of the changes in glomerular structure in the isolated perfused
kidney (IPK), perfusion at high pressures lead to an enlargement of the
glomerular tuft and to the formation of giant capillaries. The present
paper analyzes the morphological and dimensional changes of the
peripheral glomerular capillary wall under these circumstances. The
enlargement of glomerular capillaries at high pressure perfusion was
accompanied by a considerable increase in the surface area of the
glomerular basement membrane (GBM). The podocyte as well as the
endothelial layer perfectly adapted to the acute challenge in covering
increasing GBM area. The interdigitating foot process pattern showed
up in an ideal arrangement. The capillary wall expansion was associated
with a significant increase in total pericapillary slit area. Compared to
the corresponding low pressure groups (65 mm Hg, without and with
the application of vasodilators) the slit area increased in the high
pressure groups (105 mm Hg, without and with vasodilator) by approx-
imately 50 and 75%, respectively. This increase of the slit area was
mainly due to an increase in slit length; the slit width remained fairly
constant. These findings indicate that the pericapillary wall is distensi-
ble based on a distensibility of the GBM. We suggest that the contractile
apparatus of podocyte foot processes regulates the expansion of the
GBM.
Podocytes are the most differentiated cell type of the glomer-
ulus. They have a unique structure which appears to be
specifically designed to allow filtration. The most spectacular
feature of podocytes are the foot processes which on the outer
surface of glomerular capillaries form an interdigitating pattern.
Thereby they establish a meandering filtration slit through
which—as is widely agreed—the filtration route is arranged.
Podocyte foot processes contain a contractile apparatus [1]. It
has been repeatedly speculated that this apparatus might some-
how function to change slit width (and thereby Kf), but con-
vincing evidence for such a mechanism has so far not been
presented. The relevance of podocyte foot processes is poorly
understood.
Based on structural and rnorphometric findings in the isolated
perfused rat kidney (IPK) we propose a role for podocytes to
regulate the distensibility of the capillary wall and thereby Kf.
Methods
In the present study, the kidneys of the same male Sprague-
Dawley rats (160 to 180 g body wt) were examined which were
used in a previous study dealing with the changes in glomerular
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architecture in the IPK [2]. Briefly, the rats were anesthetized
with pentobarbital (50 mg/kg body wt, i.p.) and the right kidney
was isolated and connected to a perfusion apparatus as de-
scribed elsewhere [3]. The perfusate was an oxygenated eryth-
rocyte-free, modified Krebs-Henseleit solution containing hy-
droxethyl starch (Fresenius, Oberursel, Germany; 35 g/liter)
and bovine serum albumin (25 g/liter) as colloid components
(precise composition is in [4]). The kidneys were perfused at
different pressures and for different periods of time. Five
different protocols were chosen for morphometric examination.
Kidneys were perfused for 100 minutes at a constant pressure of
either 65 mm Hg or 105 mm Hg. In one or two rats at each
perfusion pressure, the vasodilators acetylcholine (10—s molI
liter) or hydralazine (10—s mob/liter) were added to the perfu-
sate. In two more rats, perfusion was performed at 105 mm Hg
for two minutes (controls). Table 1 summarizes the protocols.
For fixation of the kidneys, perfusion was continued with a
solution of 1.5% glutaraldehyde in 0.09% cacodylate buffer (340
mOsml, pH 7.3) at the same pressure for 10 minutes. The
kidneys were cut into small pieces which were processed for
high resolution light microscopy (LM), transmission (TEM) and
scanning electron microscopy (SEM). For LM and TEM small
tissue blocks were embedded in Epon and processed by stan-
dard methods. Ultrathin sections were examined with a Philips
301 microscope; 0.5 m sections were examined with a Zeiss
light microscope connected to a video camera (CCD, Ikegami).
Other tissue blocks were critical point dried using CO2. The dry
specimens were mounted on aluminum stubs with silver con-
ductive paint, sputter coated with gold (100 A), and examined in
a Philipscan 500 scanning electron microscope operating at 25
KY.
Morphometric measurements were carried out on electron
micrographs of six superficial or midcortical glomeruli in each
group using a semi-automatic image analysis system (VIDS IV,
Analysis Measuring Systems, Cambridge, UK). Estimators for
GBM-included space (comprising capillaries and mesangium)
and total pericapillary GBM area per glomerulus were taken
from the previous study [2]. The number of slits per unit length
of pericapillary (peripheral) GBM was counted on randomly
selected electron micrographs at a final magnification of x 3200.
Approximately 2500 slits per group were counted. The corre-
sponding GBM length was measured by help of the VIDS
system. Total pericapillary slit length per glomerulus was
calculated by standard stereological formula adapted after [5]:
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Table 1. Protocols
Duration
Group Pressure mm Vasodilator N
I lOSmmHg 2 — 2
II 65mmHg 100 — 1
III 65mmHg 100 + 2
IV lOSmmHg 100 — 2
V lOSmmHg 100 + I
L(Sljt)0iom = [3.14/2] X [N(slit)/L(GBM)] X A(GBM)Glom
The widths of epithelial slits and foot processes were measured
on randomly selected electron micrographs at a final magnifi-
cation of X 180,000. Six profiles of pericapillary wall per
glomerulus were examined. The distances between neighboring
foot processes at the level of the slit diaphragm (that is, the slit
width) were measured in all places, where the slit diaphragm
was well preserved and the cell membranes were fairly cut in
cross section (exhibiting the three-layered appearance). The
width of foot processes was measured in the same photos.
Because a clear separation of foot processes from larger pro-
cesses was not possible, we calculated the width of foot
processes as their harmonic mean [6, 7] according to
W(fOOt)h = [8/3irJ x [N(foot)/.Z—],
W(foot)
where N is the number and W the measured width of a foot
process. An estimate for the height of foot processes was
obtained from the same micrographs. Total pencapillary slit
area per glomerulus was determined as the product of total slit
length and mean slit width.
Results are reported as mean standard deviation (SD).
Group differences were assessed by one-way ANOVA followed
by the Scheffé multiple range test (SPSS, Chicago, Illinois,
USA).1
Results
The results of the present study may be subdivided into
descriptive (morphologic observations) and quantitative (mor-
phometnc) measurements.
Morphology
The changes in overall tuft morphology in the IPK have been
described previously [2, 8]. The observation relevant for the
present study is the formation of massively dilated and distorted
capillaries. As discussed previously, the underlying damage
leading to this change is mechanical mesangial failure. This
results in a loss of capifiary support function followed by an
unfolding of complex capillary patterns to expanded and dis-
l The use of ANOVA with groups consisting of only 1 or 2 rats is
based on assuming that the inter-rat differences in a given group are
small. Since we are not dealing with rats, but with kidneys, which have
been perfused in a strict, standardized way, we think that this assump-
tion is correct. By partitioning the estimates for the tuft volume (Vt)
into 6 separate estimates, we tried to get a more accurate estimate of the
true variability in the derived variables. Otherwise the variability which
is due to variation in tuft size would have been suppressed.
Fig. 1. (a) Massively expanded capillary from a kidney perfused at
high pressure (Group IV, 105 mm Hg, 100 mm, no vasodilators). The
endothelium and the layer of podocytes are structurally intact through-
out the entire profile. The corresponding mesangium is found in an
unusual position protruding into the vascular channel. (b) Enlargement
of the filtration barrier. All three layers of the filtration barrier are
intact. Note the microfllament bundles in the podocyte foot processes
(arrows). TEM (a) x —3050, (b) x —58000.
torted vascular channels. Figure la shows an example of such a
ballooned capillary channel; the structural variety of such
dilated capillary profiles was great.
Surprisingly, despite these dramatic expansions, which occur
very quickly, all three layers of the filtration barrier are remark-
ably intact. Even in giant capillary loops, a continuous endo-
thelial as well as epithelial cover of the GBM is seen (Fig. 1).
The podocytes are all intact; detachments from the GBM were
not seen. In contrast, the interdigitating foot process pattern
(covering the outer capillary surface) shows up in perfect
alignment. This is best observed by SEM, where the apparent
state of order of the interdigitating foot processes is striking.
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Fig. 2. Outer aspect ofglomerular capillaries
from a control kidney (Group I, perfusion
for 2 mm at a pressure of 105 mm Hg).
Capillaries, podocytes and the interdigitating
foot process pattern appear normal. SEM x
—5200.
Like in controls, the foot processes are arranged in various
angles with respect to the capillary axis; a predominant direc-
tion is not seen (Figs. 2 and 3).
The fine structural organization of the filtration barrier is also
well preserved. Foot processes are anchored in the GBM as
usual, filtration slits including the filtration diaphragms are
intact.
Foot processes contain a microfilament system (known from
previous studies, [9, 10]) arranged in the longitudinal axis of
foot processes (Fig. 4). It does not strictly follow the inner
contours of the sole plates, but cross sections of microfilament
bundles may be encountered adjacent to the basal cell mem-
brane, in some distance to it as well as in the upper regions of
foot processes (Fig. ib). This arrangement suggests that the
bundles form arches. The microfilaments seem to fix to the
basal cell membrane in a widespread pattern. Details of
the architecture of these bundles are unknown.
Morphometry
The results of the morphometric measurements are shown in
Table 2. The estimates of tuft volume (represented by the
GBM-included space) as well as of pericapillary GBM area are
taken from the previous study [2]. These data clearly reveal an
increase in tuft volume as well as in pericapillary GBM area in
the high pressure groups (Group IV and V) compared to the
corresponding low pressure group as well as to control (Group
I).
The present measurements are remarkable in the foll9wing
points. Compared to the control group the height of foot
processes is decreased in Groups III, IV and V. Assuming that
vasodilation (Groups III and V) has increased the pressure to
which glomerular capillaries were finally exposed (when corn-
pared to the same pressure group without vasodilation), it may
be concluded that the height of foot processes decreased with
increasing glornerular pressures. A similar decrease towards
Group V is also seen in foot process width, however, only the
differences of Group V reached statistical significance. Com-
pared to the control group the slit width has increased in all
experimental groups to almost the same value. The numerical
density of slits remained constant. Even the somewhat higher
value in Group V did not reach statistical significance.
From these data total slit length and total slit area were
calculated. Both were considerably increased in the high pres-
sure groups (IV and V). The increase in total slit area between
the control group and Group IV amounted to roughly 50%, and
to Group V roughly 90%. Also the differences to the low
pressure groups were significant.
No differences were seen in low pressure groups (II and III)
when compared to the control group [I]. However, the question
has to be raised whether or not Group I (in which high pressure
perfusion was carried out for only a short time) can be taken as
a control group for the low pressure groups. It may well be that
even the very short three minute perfusion has caused a
distension of the capillary wall when compared to the in vivo
situation (which we don't know), so that the values of Group I
may already range considerably above normal and thus in a
similar magnitude as in the low pressure groups.
Discussion
Glomeruli in the isolated perfused kidney preparation are
characterized that glomerular capillaries very quickly (within
minutes) change in width and shape and develop into giant
capillary channels [2]. These changes are the consequence of an
unfolding of capillary patterns due to the loss of capillary
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Fig. 3. Scanning electron micrographs of
glomerular capillaries from a kidney perfused
at a low pressure (Group II, 65 mm Hg, 100
mitt, no vasodilators). (a) Massively dilated
capillary loops are seen. The degree of
expansion can best be realized when
comparing with Fig. 2; the magnification of
both figures is strictly the same. (b) High
power view of such a dilated capillary. The
interdigitating foot process pattern shows up
in perfect alignment. Primary processes
emerge from the cell body which then split
into the foot processes. Note that the foot
processes are arranged in various angles with
respect to the longitudinal axis of the capillary
loop. (a) x —5200, (b) x '—10,000.
support function by the mesangium. Along with these changes
the tuft volume increases. Surprisingly, the tuft enlargement
includes a real and considerable increase in GBM surface area.
This cannot be explained by an unfolding only, but represents
an expansion of the GBM. From these findings we conclude
that the GBM is an expandable structure.
Data about the physical properties (including distensibility) of
the GBM are not available. However, from studies in isolated
perfused renal tubules and isolated tubular basement mem-
branes, it is well known that a basement membrane (in this case
a tubular basement membrane) considerably expands in area
when transmural pressure differences increase [11, 12].
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Fig. 4. Grazing section through the prodocyte foot process cover of a
normal control rat after in vivo perfusion with glutaraldehyde. Several
longitudinal sections through foot processes are seen which contain
longitudinally arranged microfflament bundles (arrows). GBM, glomer-
ular basement membrane. TEM X —240O0.
The shape changes of capillaries together with the expansion
of the GBM surface area in the IPK requires considerable
adaptations of the endothelial as well as epithelial cover. These
adaptations occur without any disruptions, neither in the epi-
thelial nor in the endothelial layer.
In contrast, the pattern of interdigitating foot processes in
even the most dilated capillaries shows up in perfect arrange-
ment. It appears that by the expansion of the capillary wall, foot
processes were stretched out and thereby lined up in almost
perfect order.
This adaptation of the foot process cover to increasing GBM
areas goes along with a considerable increase in slit area. This
increase is mainly due to increase in length. The increase in slit
width is small but considerable; it adds about 15% to the overall
increase in slit area. The height and, to a lesser extent, also the
width of foot processes decrease with increasing pressures.
This may be taken as additional evidence that the peripheral
capillary wall was stretched out under the perfusion conditions.
The increase in total slit area in the high pressure groups (IV
and V) is apparent when compared to the control group (I) as
well as when compared to the corresponding low pressure
group. No differences in total slit area are seen when comparing
the low pressure groups (II and III) with the control group (I)
(see above). Massively dilated capillaries are also seen in the
low pressure groups. Actually, Figure 3 shows ballooned cap-
illaries from the low pressure Group II.
The isolated perfused kidney is a highly artificial model. It
may readily be suggested that those changes in capillary shape
and dimension as seen here will never occur under normal in
vivo conditions. Most probably, the glomerular capillary pres-
sures are much higher in the IPK than in vivo. It is suggested
that due to the absence of any vasoconstrictive substances in
the perfusate, preglomerular vessels are completely dilated
allowing high flows and the transmission of fairly high pressures
to the glomerulus. Consequently, glomerular capillaries are
exposed to increased transmural pressure gradients and thus to
increased distending forces when compared to any in vivo
situation.
However, this explanation is not fully satisfactory. A perfu-
sion pressure of 65 mm Hg as in the low pressure groups is not
fully out of any physiological range. Even if we anticipate an
only small pressure drop along the preglomerular arteries and
arterioles under the perfusion conditions (glomerular pressures
in the IPK have never been directly measured), the intraglom-
erular hydrostatic pressures should not be outstandingly differ-
ent from an in vivo situation. Nevertheless, massively dilated
capillary channels are commonly observed in these groups, as
well.
Therefore, there should be at least one additional factor
responsible for the GBM expansion. We suggest that the lack of
vasoconstrictive substances in the perfusate has caused a
relaxation not only of vascular smooth muscle and mesangial
cells but also of podocytes. From this point of view, podocytes
seem to counteract GBM distension.
What are the evidences for such a role of podocytes. Firstly,
podocyte foot processes have a well developed contractile
system. By TEM this system shows up as longitudinally ar-
ranged microfilament bundles [9, 10, 13] (Figs. lb, 4). By
immunocytochemistry [1] it was shown to contain actin, a-
actinin and myosin. A chain of proteins (vinculin, talin and
probably other polypeptides) link the actin filaments via cell
membrane associated integrins to the underlying glomerular
basement membrane [1]. Glomerular epithelial cells express an
a3//31 integrin which is capable of mediating podocyte adhesion
to collagen, fibronectin and laminin [14, 15]. Thus, the contrac-
tile system of foot processes appears to be firmly attached to the
underlying GBM via an anchoring system spanning the cell
membrane.
Secondly, podocytes contain receptors for vasoactive sub-
stances or respond to them. In cultured glomerular epithelial
cells, receptors for endothelin were found [16]. In addition, by
in situ hybridization, expression of endothelin receptor proteins
was seen [17]. By immunocytochemistry soluble guanylate
cyclase, the receptor for nitric oxide (NO), was detected in
podocytes and localized mainly in the transitional region be-
tween primary processes and foot processes (unpublished re-
sults from our lab). By in vitro autoradiography using labeled
angiotensin II (Ang II) [18], glomeruli reveal a high density of
Ang II binding sites, interpreted by the authors as to show Ang
II receptors in mesangial cells. In our eyes, the reaction pattern
seen in the published pictures suggests a more widespread
occurrence of Ang II receptors probably including podocytes.
Moreover, cytoskeletal changes in response to Ang II, ANP,
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Table 2. Morphometry of pericapillary podocyte epithelium in the isolated perfused kindey
Group I(N=2) Group II(N=1) Group III(N=2) Group IV(N=2) Group V(N=l)
Perfusion protocol
Pressure mm Hg 105 65 65 105 105
Duration mm 2 100 100 100 100
Vasodilation (—) (—) (+) (—) (+)
Morphometric estimates
GBM-induced space io /.un3 596 124 585 119 668 63 861 1092 938 15gb1.2.
Pericapilary GBM iO p.m2
Slit width p.m
157 27
0.026 0.003
132 22
0.031 0.002
153 14
0.030 0.002
204 36a
0.030 0.003
239 58I)2,31
0.030 0.002
Slits/GBM n/pin
Total slit length iO p.m2
Total slit area 1O p.m2
1.85 0.14
454.77 35.27
11.73 2.22
1.82 0.12
377.87 25.07
11.65 1.00
1.80 0.19
433.18 45.39
12.79 1.03
1.88 0.10
601.59 3l.2l,23
17.73 201bI,2,3
1.96 0.13
735.45 5034,23,4
22.23 280b1,2,3,a4
Foot process width pm
Harmonic mean 0.1714 0.0088 0.1697 0.0118 0.1690 0.0162 0.1575 0.0090 0.1461 00068a1.2,3
Foot process height p.m 0.3240 0.0124 0.2975 0.0267 0.2743 0.0220tI 0.2665 0.0095k" 0.2325 00164b1.2.,3
a Different at P < 0.05 from group x, y.
b Different at P < 0.01 from group x, y..
Fig. 5. Cartoon to illustrate the 'podocyte"
hypothesis. The GBM is shown in black,
mesangial cells are dotted and podocytes
(only in c) are shown in a dot-and-line
pattern. (a) The GBM forms an incomplete
ring which is completed by a contractile
bridge established by mesangial cell
processes. This arrangement represents the
basic biomechanical unit stabilizing a
glomerular capillary. (b) Simulates a
hypothetical situation in which increasing
distending forces are exerted to a "naked"
pericapillary wall (comparably to the situation
in the IPK, where the podocytes are
suggested to lack any tonus). Anticipating that
the GBM is distensile, the lumen of the
capillary will expand. Due to an increased
tone of the mesangium the width of the
capillary neck remains constant. (c) Simulates
a situation in which equally high distending
forces as in (b) are exerted to the pericapillary
wall with intact podocytes attached. In this
case, podocytes counteract the distension of
the GBM. As a consequence, the dilatation of
the capillary is much less than in (b).
and SNP (sodium nitroprusside) were seen in cultured glomer-
ular epithelial cells [19]. In these studies treatment with Ang II
resulted in a rearrangement of F-actin into distinct stellate
patterns, whereas treatment with ANP and SNP resulted in
apparent disassembly of stress fibers. In another study in
isolated glomeruli [20] an Ang II induced increase in F-actin of
roughly 30% was found in podocytes. Taken together,
podocytes have a contractile system which is connected to the
GBM and which is associated with receptors for a variety of
vasoactive substances.
Let's now discuss the possible mode of interaction between
podocyte foot processes and the GBM. The GBM forms incom-
plete cylinders which represent the "backbone" of the glomer-
ular capillary wall. The cylinders are completed by contractile
bridges established by mesangial cell processes which span
between opposing mesangial angles of the GBM. In our view,
this arrangement represents the basic biochmechanical support
of the glomerular capillary wall (Fig. 5a). This system may
readily be suggested to be able of wall tension development
necessary to counteract the expansile forces created by the
hydrostatic pressure gradient across the capillary wall.
In describing this system in previous publications [21—231, we
assumed that the elasticity of the GBM would be low, that the
GBM would be practically not distensible. The observations in
the IPK suggest that this assumption is not true. In contrast, the
apparent distensibility of the GBM is considerable. Thus, any
increase in transcapillary pressure gradient will tend to expand
the capillary wall. This will occur despite an intact (and
complete) counteraction of the mesangium providing the stabi-
lizing support to the capillary pattern (in case of the IPK this
system failed leading to the unfolding of capillaries [2].
The contractile system of podocytes appears to be well
arranged to counteract the expansion of the GBM. From a
global point of view, the podocyte contractile system consists
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of countless small stripes (represented by the foot processes)
fixed in varying angles to the outer surface of the GBM. To
illustrate the possible effect of such a system, consider a simple
air balloon, to which stripes of a less expandable material were
firmly fixed to parts of its outer surface. When the balloon is
blown up, the distension of just the areas covered with the
stripes will be delayed. That is what we think podocytes do.
Each podocyte foot process represents a small spring which
very locally counteracts the distension of the small GBM area
underlying this foot process. Moreover, since the rigidity of
podocyte foot processes is rooted in a contractile system, the
actual tonus would determine the strength of counteraction.
Thus, this system should be capable to regulate the degree of
GBM expansion, thereby contributing to the regulation of K.
We have to raise a final important question. Are there any
observations from previous studies which speak in favor of this
idea? To state it clearly: not many exist. In the eighties several
morphometric studies were done to investigate whether the
reduction in Kf seen in functional studies could be attributed to
a reduction in filtration area [24—27]. In none of these studies a
reduction in peripheral GBM area (including slit area) was
found. The only exception is the study of Jaremko, Larsson and
Bohman [28] (published in abstract form) who found in rat
superficial glomeruli (after dripping fixation) a small decrease in
pericapillary surface in response to Ang II.
At a first glance, these data speak against a role of podocytes
in regulating GBM surface area according to the above-pro-
posed mechanism. However, the situation is somewhat differ-
ent when comparing the "mesangial" and the "podocyte"
hypothesis. The above-mentioned studies were designed to
elucidate the role of mesangial cells, and were done under the
assumption that mesangial cells are contractile cells comparable
to vascular smooth muscle cells, leading to constriction or
widening of glomerular capillaries by similar mechanisms. If, as
proposed here, the intrinsic elasticity of the GBM is the major
basis for any increase or decrease of filtration area, we are
wondering whether the applied fixation techniques are suitable
at all to preserve a certain state of distension of the GBM, even
if this state is locally sustained by podocytes. Experiments
monitoring glomerular capillary pressure before and during
fixation are necessary to clarify the role of capillary wall
compliance in regulating K.
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